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Ion hydrationThe stability and ion binding properties of the homo-tetrameric pore domain of a prokaryotic, voltage-gated
sodium channel are studied by extensive all-atom molecular dynamics simulations, with the channel protein
being embedded in a fully hydrated lipid bilayer. It is found that Na+ ion presents in a mostly hydrated state
inside the wide pore of the selectivity ﬁlter of the sodium channel, in sharp contrast to the nearly fully
dehydrated state for K+ ions in potassium channels. Our results also indicate that Na+ ions make contact
with only one or two out of the four polypeptide chains forming the selectivity ﬁlter, and surprisingly, the
selectivity ﬁlter exhibits robust stability for various initial ion conﬁgurations even in the absence of ions.
These ﬁndings are quite different from those in potassium channels. Furthermore, an electric ﬁeld above
0.5 V/nm is suggested to be able to induce Na+ permeation through the selectivity ﬁlter.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Selective ion conduction via ion channels across cell membrane
plays an essential role in neural signal transduction. The pioneering
electrophysiological studies by Hille [1–6] and Armstrong [2,7–9]
have explored the permeability and selectivity of the eukaryotic
channels that are Na+-, K+- or Na+/K+-selective since the early
1970s, with the aid of patch-clamp techniques. They suggested that
these ion channels consist of a long narrow pore, and thirty years later,
this idea was conﬁrmed by the ﬁrst crystal structure of the bacterial
KcsA K+ channel [10,11]. Since then, a variety of K+-selective channels
have also been reported, such as the bacterial MthK [12] and KvAP [13]
channels, as well as the eukaryotic Kv1.2 channel [14]. In K+ channels,
the selectivity ﬁlters share a highly conserved sequence of TVGYG and
form a one-dimensional ion conduction pathway. From the extracellular
to the intracellular side of the selectivityﬁlter, four explicit K+ ion binding
sites (numbered S1 to S4) are formed by two layers of oxygen atoms
provided by the backbone carbonyl groups of the TVGY sequence and
by the side chains of the Thr residues. K+ ion in the selectivity ﬁlter
presents in a dehydrated form and water oxygen atoms originally within
its coordination shell are replaced by the eight protein oxygen atoms
surrounding each site. Ions can instantaneously occupy the S1 and S3
sites or the S2 and S4 sites in the selectivity ﬁlter, with the rest of the
sites being occupied by waters [15]. Molecular dynamics (MD) simula-
tions show that K+ conduction across the selectivity ﬁlter takes place
by a concerted motion via the alternation of these two conﬁgurations+86 25 84895827.
rights reserved.[16]. In addition to the K+-selective channel, the crystal structures of
another type of ion channels from Bacillus cereus called NaK that can
conduct both Na+ and K+ ions were also reported [17,18]. Based on
these atomic structures, numerous computational studies were carried
out to study the conduction, selectivity, and gating of the K+ and NaK
channels [15,16,19–30].
For the selective conduction of sodium across membranes, the main
mediators are voltage-gated sodium channels. Recently, a number of
prokaryotic sodium channels have been identiﬁed, providing opportu-
nities for structural and functional characterization of sodium channels.
The ﬁrst identiﬁed and most well-characterized prokaryotic sodium
channels are NaChBac from Bacillus halodurans [31], which share a
high degree of sequence identity (22 to 69%) with sodium channels
from other bacterial homologues [32]. The possibility to express func-
tional NaChBac in both mammalian cells and in bacterial cultures has
attracted a number of studies to characterize its conduction [31], gating
[33,34] and selectivity [35]. However, the detailed structure–function
relationship of sodium channels is yet to be understood due to the
lack of high resolution crystal structure. It is the ﬁnding of the crystal
structure of a NaChBac homologue, NavAb from Arcobacter butzleri,
that provides for the ﬁrst time the possibility to study the function of
a Na+-selective channel at the atomic scale [36]. Unlike the K+ channel,
the selectivity ﬁlter of NavAb channel has a conserved sequence of
175TLESW179 and forms a much wider channel pore than the K+ chan-
nels, implying that Na+ ions inside the selectivity ﬁlter should have
more waters of hydration than K+ in K+ channels. The larger channel
pore also implies that ions inside the ﬁlter may not take a single-ﬁle
conﬁguration and ion permeation through the NavAb channel may
not occur in a strictly concertedmanner as the K+ channel does. Shortly
before the submission of this manuscript, a molecular dynamics study
2530 H. Qiu et al. / Biochimica et Biophysica Acta 1818 (2012) 2529–2535by Carnevale et al. conﬁrmed that about four waters were found to
hydrate eachNa+ ion inside theNavAb selectivityﬁlter and ion conduc-
tion did not adopt a single-ﬁle manner [37]. Furthermore, only three
potential ion binding sites are detected along the ion permeation
pathway of the NavAb selectivity ﬁlter.
In this study, we carried out systematic molecular dynamics simu-
lations based on the recently reported crystal structure of the NavAb
channel. The simulation results show that the channel protein can be
stable for simulations with all ion conﬁgurations we studied within
10 ns MD simulations and water molecules can diffuse freely across
the selectivity ﬁlter between the cavity and extracellular solution.
Large motions are found for Na+ ions inside the selectivity ﬁlter,
suggesting that ions cannot bind to the channel protein as stably as in
the K+ channels. Our results further show that the coordination num-
bers of Na+ ions at SiteHFS and SiteIN are nearly identical (~5.5), while
the hydration numbers of Na+ ions at SiteHFS (~2.5) and SiteIN (~5.5)
deviate from each other signiﬁcantly. This fact indicates that about
three protein oxygen atoms participate in coordinating the ion at Site-
HFS, provided by the side chains of the residue Glu177, while only one
protein oxygen atom is found to occasionally bindwith the ion at SiteIN.
Furthermore, under an electric ﬁeld exceeding 0.5 V/nm, the conduc-
tion of Na+ through the NavAb channel takes place in our simulations.
2. Methods
The NavAb tetramer was prepared using VMD [38] based on the
recently published structure from the protein data bank (PDB code:
3RVY) [36]. The voltage-sensing domain (residue ID 1–113) of the
NavAb channel was removed for the computational efﬁciency and
to ensure a tight contact between the protein and the lipid bilayer.
Default ionization states were used for all amino acids. The protein
was then embedded in a palmitoyl-oleoylphosphatidylcholine (POPC)
bilayer and solvated by adding water molecules on both sides of the
membranes (Fig. 1). Na+ and Cl− ions were added to the solution to
obtain an electro-neutral system with an ion concentration of 0.1 M.
The ﬁnial system contains totally 45,561 atoms, including the NavAb
structure containing 7132 atoms, 119 POPC lipid molecules, 7491
water molecules and 9 Na+ ions and one Cl− ion. About ﬁfty water
molecules were originally located in the cavity of the NavAb channelFig. 1. The simulation system. Four monomers of NavAb (blue, red, black and orange)
are shown in cartoon representation and were embedded in a POPC lipid bilayer
(cyan sticks) surrounded by water (red dots). Some of the lipid molecules are not
shown for clarity. Na+ (yellow), Cl− (cyan), and phosphorus atoms (brown) are
shown in vdW spheres, respectively.to stabilize the protein during the initial period of MD simulations.
The membrane normal was oriented along the z axis, with the center
of mass of the Cα atoms of the selectivity ﬁlter residues being set as
the zero point.
All MD simulations were performed by the program NAMD2 [39]
using the CHARMM27 force ﬁeld [40] for the protein and lipids, and
the TIP3P model [41] for water. L-J parameters for ions were chosen
in accord with Roux and Berneche [42]. Periodic boundary conditions
were applied in all directions. The long-range electrostatic interactions
were calculated with the particle mesh Ewald (PME) method [43].
Langevin dynamics and the Nose–Hoover Langevin piston method
were chosen to maintain the temperature at 310 K and the pressure at
1 atm [44] respectively. In our simulations, a time step of 1 fs was
used and data were recorded every 1 ps. Beginning with 1000 steps
energy minimization, the system was simulated for 200 ps, with all
protein atoms being ﬁxed to remove the gap between the protein and
lipids. Then all the ion conﬁgurations listed in Table 1were constructed.
After that, gradually decreasing harmonic restraints were applied to the
protein atoms. Finally, the whole system was simulated for 10 ns with
no restraints. Pore radius proﬁles were calculated with the code HOLE
[45].
The starting structure for transport simulations of Na+ ion across
the channel pore was taken from the equilibrated conﬁguration
from Sim4, in which only one Na+ at SiteIN occupies the pore. The
ion conduction process was induced by applying various levels of
constant force to each ion inside the ion conducting pore in the
upward direction, simulating the driving by transmembrane potential.
The ﬁeld (force) was applied to the ions only to avoid the protein
distortion by the large electric ﬁeld. A number of previous MD studies
have used electric ﬁeld or force to induce ion conduction in K+
[46–48] and NaK [29,30] channels and generated reasonable results.
The Cα atoms of Gly129 residues, far from the selectivity ﬁlter, were
restrained with a harmonic spring of 2 kcal/mol/Å2 to avoid the drift
of the protein. During these simulations, the Langevin dynamics
used for maintaining a constant temperature and pressure was
applied only to the lipid membrane, to prevent the presence of an
extra, artiﬁcial friction force introduced by the Langevin dynamics
affecting the transport property of the conducted ion [49].
The one-dimensional potential of mean force (1D PMF) for Na+
ion conduction across the selectivity ﬁlter was calculated using
umbrella sampling [50], with the starting conﬁguration also extracted
from the equilibrated conﬁguration of Sim4. The width of each
umbrella window was 0.5 Å. A biasing potential of 20 kcal/mol/Å2
was applied on the z coordinate of the Na+ ion in each window. In
order to obtain the 1D PMF, we ﬁrst placed a single ion inside the
selectivity ﬁlter and then carefully monitored the channel occupancy
during the umbrella sampling. If other ions entered the selectivity
ﬁlter, theMD trajectory will not be used and the simulation was carried
out again until a trajectory with only one ion inside the selectivity ﬁlter
during the whole simulation was obtained. All simulations were con-
ducted for 1 ns, with the last 900 ps for data analysis. Umbrella histo-
grams were then unbiased and combined using the weighted
histogram analysis method (WHAM) to obtain the 1D PMF proﬁle [51].
3. Results and discussion
3.1. Structure and pore proﬁle of the selectivity ﬁlter
Similar to the K+ and NaK channels, the NavAb channel protein is
also tetrameric and has a central conduction pore formed together by
the four monomers, which consists of an outer vestibule, a selectivity
ﬁlter, a central cavity and an activation gate [36]. However, the archi-
tecture of ion binding sites in the selectivity ﬁlter of the NavAb channel
is different from those of theK+ andNaK channels, inwhich the binding
sites are formed mostly by the backbone carbonyl groups of the selec-
tivity ﬁlter residues pointing directly into the channel pores. For the
Table 1
Summary of simulations.




SiteHFS SiteCEN SiteIN Cavity SiteHFS SiteCEN SiteIN Cavity
Sim1 1.33±0.09 0.59±0.04
Sim2 Na Na 1.39±0.08 0.66±0.07
Sim3 Na Na 1.34±0.12 0.56±0.05
Sim4 Na Na 1.45±0.12 0.56±0.04
Sim5 Na Na 1.44±0.13 0.63±0.07
Sim6 Na Na Na Na 1.68±0.15 0.87±0.22
Sim7a Na Na Na Na Na 1.59±0.09 1.06±0.08
Sites occupied by Na+ ions are indicated by “Na”.
RMSDs (mean±s.d.) for backbone atoms of the protein and all non-hydrogen atoms of the selectivity ﬁlter from the crystal structure were averaged over the ﬁnal 8 ns of each MD
simulation.
a In this simulation, Na+ ion initially at SiteHFS soon escapes to the solution, and meanwhile, the two remaining Na+ ions at SiteIN and Cavity move upward to bind at the SiteHFS
and SiteIN, respectively.
2531H. Qiu et al. / Biochimica et Biophysica Acta 1818 (2012) 2529–2535NavAb channel, three potential ion binding sites were detected: SiteHFS
formed by the side chains of Glu177, SiteCEN formed by the carbonyl
groups of Leu176, and SiteIN formed by the carbonyl groups of Thr175
(Fig. 2A). At SiteHFS, the backbone carbonyl groups point outward the
pore lumen, while the side chains of Glu177 point inward to the
conducting pore to bind with adjacent ions. At SiteCEN, the backbone
carbonyl groups of Leu176 are also not exposed to the pore apparently,
suggesting that Na+may not bind at this site stably. However, at SiteIN,
the residue Thr175 orients its backbone carbonyl group toward the pore
lumen to coordinate ions.
It has been suggested that the channel pore of the NavAb channel
is signiﬁcantly wider and shorter than the KcsA K+ channel [36]. This
fact implies that ions within the NavAb channel should be highly
hydrated, while in the K+ channels, ions pass through the selectivity
ﬁlters in nearly fully dehydrated states. The narrowest part of the
NavAb selectivity ﬁlter is formed by the side chains of Glu177 resi-
dues at SiteHFS (Fig. 2). Apart from this region, the wider pore allows
the hydrated Na+ ion to diffuse freely within the selectivity ﬁlter and
exchange between the selectivity ﬁlter and the cavity. In addition, the
wider and shorter nature of the selectivity ﬁlter implies that it may be
difﬁcult to unravel the mechanism of the NavAb channel selectivity.
Fig. 2B shows the averaged pore radius proﬁles from three MD simu-
lations with different initial conﬁgurations: no ions (dashed line), one
ion at SiteIN (dotted line) and two ions at SiteHFS and SiteIN (dashed
dotted line). In general, the selectivity ﬁlter pore shrinks in most
regions during our MD simulations compared to the one from
NavAb crystal structure, especially at SiteCEN. The results also show
that the pore radius proﬁle for the simulation without ions is nearly
identical to the one with one ion inside the selectivity ﬁlter, implying
the low ﬂexibility of the channel protein, which will be further
discussed below. In addition, comparing to the simulations with less
ions (zero or one), we found that the pore size around SiteHFS in the
simulation with two ions is signiﬁcantly smaller. This constrictionFig. 2. Pore proﬁle of the selectivity ﬁlter of the NavAb channel. (A) The selectivity ﬁlter of N
simulations. The dashed line, dotted line, and dash dotted line show the average radius of s
(one ion at SiteHFS) and Sim6 (two ions at SiteHFS and SiteIN), respectively. The extracellulashould be attributed to the attraction of the Na+ ion at this site
with the side chain of the negatively charged residue, Glu177.
3.2. Stability of the protein and the selectivity ﬁlter
Table 1 lists the simulations conducted in this work with different
initial conﬁgurations of the ions in the channel pore. At ﬁrst glance, it
is surprising to ﬁnd that the selectivity ﬁlter is quite stable for all ion
conﬁgurations we investigated during 10 ns MD simulations, even in
the absence of ions inside the channel pore (Sim1). When only one
Na+ ion is positioned in the selectivity ﬁlter (Sim2–Sim4), the ion
will rapidly move to the SiteIN and stay at this site. If this ion is placed
in the cavity initially, it can diffuse freely inside the cavity, and, it does
not move to the selectivity ﬁlter within our 10 ns simulations (Sim5).
In Sim6, two Na+ ions can stay at SiteHFS and SiteIN during the whole
10 ns simulation. When three Na+ ions are placed at SiteHFS, SiteIN
and Cavity, receptively (Sim7), the uppermost Na+ ion initially at
SiteHFS soon escapes to the bulk solution, and meanwhile, the lower
two ions come to occupy SiteHFS, SiteIN. The ion conﬁguration inside
the pore is then identical to that of Sim6. The robust stability of
NavAb is in sharp contrast to the situations for the K+ [20,52,53]
and NaK [29,30] channels, in which the selectivity ﬁlters can only be
stable for certain ion arrangements and the absence of ions will desta-
bilize the structure of the selectivity ﬁlter.
Table 1 also gives the average root mean square deviations
(RMSDs) of the backbone atoms of the NavAb protein and all the
non-hydrogen atoms of the selectivity ﬁlter during MD simulations.
In general, for all simulations, the backbone RMSDs are less than
1.7 Å, and the RMSDs for the selectivity ﬁlters are lower than the
backbone RMSDs for the whole protein. Furthermore, the RMSDs for
10 ns simulations without ions (Sim1) or with only one ion (Sim2–
Sim5) occupying the pore are found to be a little lower than those
for the case of two (Sim6) or three (Sim7) ions in the pore. In detail,avAb. (B) Comparison of pore radius proﬁles from NavAb crystal structure and from MD
electivity ﬁlter pore of the NavAb channel during the last 6 ns of Sim1 (no ions), Sim4
r side is on the top and the intracellular side is at the bottom.
Fig. 3. Drift of the selectivity ﬁlter structure from the initial model. The RMSD of all
non-hydrogen atoms of the selectivity ﬁlter from its starting structure is shown as a
function of simulation time for four typical initial ion conﬁgurations: no ions (Sim1),
one ion at SiteIN (Sim4), two ions at SiteHFS and SiteIN (Sim6), and three ions at SiteHFS,
SiteIN and Cavity (Sim7).
Table 2




0–5.5 ns 5.5–10 ns
RMSﬂuct (Å) RMSsym (Å) RMSﬂuct (Å) RMSsym (Å)
T175 1.00 0.15 1.07 0.22
L176 1.03 0.04 0.93 0.18
E177 1.25 0.08 1.14 0.32
S178 1.00 0.04 1.00 0.07
W179 1.40 0.09 1.46 0.15
RMSﬂut and RMSsym represent the standard root mean square ﬂuctuation and root
mean square deviation of the monomers away from the tetramer symmetry,
respectively. The MD trajectory was divided into two periods for this calculation:
0–5.5 ns and 5.5–10 ns.
2532 H. Qiu et al. / Biochimica et Biophysica Acta 1818 (2012) 2529–2535Fig. 3 shows the RMSDs for all non-hydrogen atoms of the selectivity
ﬁlters as a function of simulation time in four typical simulations with
the number of ions inside the channel pores ranging from 0 to 3. In
general, the low RMSD values (b1.25 Å) indicate that the structure
of selectivity ﬁlter is stable during 10 ns MD simulations, regardless
of the initial ion conﬁgurations. It is also found that in the presence
of a single ion or no ions, the selectivity ﬁlter RMSD ﬂuctuates slightly
with an average of ~0.6 Å in the 10 ns MD simulation (Fig. 3, blue and
magenta lines). This phenomenon is also observed during the ﬁrst 5.5
and 1.0 ns for the simulations with two and three ions inside the
channel pore, respectively (Fig. 3, red and black lines). However, at
about 5.5 ns and 1.0 ns (red and black arrows), the ﬁlter RMSDs are
increased to ~1.0 Å. Although this jump is not signiﬁcant and accessible
in thermal bath at room temperature, it does to some extent reﬂect the
structural distortion of the selectivity ﬁlter. We carefully examined the
MD trajectories and found that the larger RMSD is causedmainly by the
deﬂection of the side chains of Glu177 residues when binding with the
Na+ at SiteHFS. Nevertheless, it should be noted that the demonstrated
robust stability of NavAb is obtained based on a low resolution
(~2.7 Å) crystal structure and using 10 ns MD simulations. To validate
the protein stability in longer simulations, we further conducted a
50 ns MD simulation that was restarted from Sim7 and found that the
structure of NavAb selectivity ﬁlter is quite stable during the entire
simulation (see Fig. S1 in supplementary data). We would expect that
further studies with even longer simulations on a higher resolution
structure could address this issue more clearly.
To further understand the ﬂuctuations of the channel, we calculated
the RMS ﬂuctuations for each residue of the NavAb selectivity ﬁlter in
Sim6. Considering the asymmetric nature of Na+ binding, we explicitly
deﬁne the quadratic ﬂuctuation to be the sum of two terms [54]: (1) the
standard mean square atomic ﬂuctuations averaged over the four





; (2) the mean square
deviation of the monomers away from the tetrameric symmetry,










, where Sm is a matrix
operator that is applied to the monomer A, B, C and D to rotate their
positions around the pore axis with 0°, 90°, 180° and 270°, respectively,
to obtain the symmetrized average position 〈Smri;m〉. For comparison,
we divided the MD trajectory of Sim6 into two periods, with the
“jump” at the RMSD proﬁle being the demarcation (see Fig. 3, red
line): 0–5.5 ns, and 5.5–10 ns. The results are shown in Table 2. In
general, it is found that the standard RMS ﬂuctuations for each residue,
RMSﬂuct, are all in the range of 1.00 to 1.50 Å, and that the RMSﬂuct are
nearly identical for these two periods, conﬁrming the robust stability
of the structure of the selectivity ﬁlter. Furthermore, the residue withthe largest RMSﬂuct was found to be Trp179, which points outward the
pore lumen and does not participate in ion binding (see Fig. 2A). This
is presumably due to the large ﬂuctuation of the large side chain of
this residue that consists of two fused aromatic rings. For the RMS
term that reﬂects the ﬂuctuation of tetrameric symmetry, RMSsym, we
found that the value for the ﬁrst period (0–5.5 ns) is signiﬁcantly
lower than that for the second period (5.5–10 ns), especially for the
Glu177, which increases from 0.08 Å to 0.32 Å. Examination of the MD
trajectory suggests that the side chains of Glu177 from four monomers
are not symmetrical during the second period (5.5–10 ns), due to the
binding of Na+ ions to Glu177 from only one or two monomers (see
Fig. 5C). The inﬂuence of this binding pattern on the coordination
state of Na+ ion will be addressed detailedly in the following section.
3.3. Solvation and ion binding state for Na+ ions inside the selectivity
ﬁlter
Two relatively stable ion binding sites SiteHFS and SiteIN have been
identiﬁed in the above discussion and in a recent work [37]. The coor-
dination and hydration states for ions inside the selectivity ﬁlter were
suggested to be crucial for the selectivity of ion channels [26,27,55].
To study detailedly the coordination states for Na+ ions at these
two binding sites, we calculated the ion-oxygen radial distribution
functions (RDFs) for Na+ ions with respect to total ligands, water
oxygen, and protein oxygen, respectively (Fig. 4A and B). The region
between the ﬁrst maximum and minimum in RDF proﬁles indicates
the ﬁrst coordination shell of ion. In general, the total RDF proﬁles
for ions at SiteHFS (Fig. 4A, black line) and SiteIN (Fig. 4B, black line)
are nearly identical, but the types of oxygen in the ﬁrst coordination
shell deviates signiﬁcantly from each other. For Na+ ion at SiteHFS,
some oxygen atoms from the side chains of Glu177 were found to
fall within its ﬁrst coordination shell, leading to an apparent peak in
the RDF proﬁle for protein oxygen (Fig. 4A, red line). In contrast,
few protein oxygen atoms can be found within the ﬁrst coordination
shell of Na+ ion at SiteIN (Fig. 4B, red line) and the RDF for water
oxygen (Fig. 4B, blue line) is almost identical to the total RDF proﬁle
(Fig. 4B, black line), suggesting that Na+ at this site should present
in a more highly hydrated state.
The coordination number and hydration number can be obtained
by counting the number of ligands and water oxygen atoms in the
ﬁrst coordination shell of ions, respectively. Here, we deﬁne the radius
of the ﬁrst coordination shell of Na+ ion to be 3.2 Å and monitor the
change of coordination number and hydration number as a function
of time for each ion in the selectivity ﬁlter. The results for SiteHFS and
SiteIN are shown in Fig. 4C and D, respectively. For SiteHFS, both the
coordination number and hydration number of Na+ ion are found to
vary mostly between 4 and 5 during the ﬁrst 5.5 ns (Fig. 4C). Careful
examination of the MD trajectory suggest that this Na+ ion is located
in the region well above the extracellular entrance of the selectivity
ﬁlter and thus presents in a fully hydrated state (see Fig. 5B). After
t=5.5 ns, the Na+ ion moves downward to the central region of
Fig. 4. Ion coordination state in the NavAb selectivity ﬁlter. (A, B) Ion-oxygen radial distribution function g(r) for Na+ ions at SiteHFS (A) and SiteIN (B) with respect to total ligands
(black), water oxygen (blue), and protein oxygen (red). (C, D) Coordination numbers of Na+ ions at SiteHFS (C) and SiteIN (D) as a function of simulation time, respectively. Panels
from top to bottom denote the coordination number for total ligands, for water oxygen atoms only (namely, the hydration number), and for protein oxygen atoms only, respectively.
2533H. Qiu et al. / Biochimica et Biophysica Acta 1818 (2012) 2529–2535SiteHFS (see black line in Fig. 5A, and Fig. 5C) and its coordination num-
ber varies mostly between 5 and 6 (Fig. 4C, top panel) and
surprisingly, the hydration number decreases signiﬁcantly to ~3
(Fig. 4C, middle panel). Water oxygen atoms that originally bind
with this Na+ ion are replaced by about three oxygen atoms from
the side chains of Glu177 (Fig. 4C bottom panel; Fig. 5C). This binding
leads to a signiﬁcant deﬂection of the Glu177 side chain toward the
Na+ ion, and thus results in the apparent increase in the RMSD proﬁle
of the selectivity ﬁlter (see Fig. 3, red and black curves). It is also
shown that the side chains from only one or two out of the four pro-
tein monomers can simultaneously bind with the Na+ ion and thus
the ion is no longer located at the central axis of the channel pore
(see Fig. 5C). The selectivityﬁlter is also far frombeing symmetric, espe-
cially for the side chain of Glu177. This asymmetric ion binding manner
thatwas not observed in K+ channels may play a key role in controllingFig. 5. Dynamics of Na+ inside the NavAb selectivity ﬁlter. (A) The z trajectories (along the p
at SiteIN. (B, C) Snapshots fromMD simulation showing the side and top views of the coordin
respectively. Na+ ions, water oxygen and water hydrogen are shown in yellow, red and grey
the Glu177 side chains that coordinate Na+ ion are shown in red tiny spheres.the transport properties of the NavAb channel. Different from SiteHFS,
the coordination number and hydration number for Na+ at SiteIN are
nearly identical during the entire 10 ns simulation (Fig. 4D, top and
middle panels), consistent with the observation in the RDF proﬁles
(Fig. 4B). This conﬁrms that Na+ ion at SiteIN is nearly fully-hydrated.
However, it should also be noted that the number of protein oxygen
atomswithin the coordination shell of this Na+ does not change during
our simulation (Fig. 4D, bottom panel), suggesting that Na+ at this site
can also asymmetrically bind to the protein, although with a low possi-
bility. The oxygen providers for this coordination are the backbone car-
bonyl groups of the residue Leu176.
The demonstrated unique hydration pattern for Na+ ionswithin the
NavAb selectivity ﬁlter should be of great importance to the selectivity
of this channel, which could be determined by measurements of rela-
tive permeability in electrophysiological experiments. The Na+/K+ore axis) of ions at SiteHFS and SiteIN in Sim6. Inset shows the coordination state of Na+
ation states of Na+ at SiteHFS with Glu177 side chains at t=4.3 ns (B) and t=6.6 ns (C),
, respectively. The protein is shown in licorice representation, and the oxygen atoms of
Fig. 6. One-dimensional potential ofmean force for Na+ conduction through the selectivity
ﬁlter.
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Selectivity then arises when the difference in the ion's interaction
energy with the coordinating ligands, ΔGpore[K+→Na+], differs from
the difference in their hydration energies, ΔGbulk[K+→Na+]. It was
suggested that small changes in the number and/or the type of
ligands involved in coordination of the ion have a big impact on the
selectivity, which have been conﬁrmed in the studies of K+ and
NaK channels [27]. Thus, the unique ion coordination state for
NavAb channel should be of signiﬁcance to its selectivity of Na+
over K+. During review of the manuscript, we learned of a study by
Corry and Thomas, which suggested that the selectivity of Na+ over
K+ in NavAb channel should result from the inability of K+ to ﬁt a
plane of the Glu177 residues with the preferred solvation geometry,
while smaller Na+ can do this [57]. However, future extensive studies
should be devoted into further clarifying this issue, due to the exis-
tence of signiﬁcant thermal ﬂuctuations of the Glu177 residue
(~1.2 Å RMS) observed in our MD simulations, compared to the size
difference between Na+ and K+ (~0.38 Å). It should be noted that,
although the above discussion on channel selectivity focuses on energy
minima (i.e., ion binding), previous electrophysiological experiments
on the measurements of relative permeabilities from the Goldman–
Hodgkin–Katz equation suggested that the entry barrier of ion perme-
ation through channels also has a critical role in selectivity [4].
Fig. 5 shows the time evaluation of the Z trajectories of Na+ ions at
SiteHFS and SiteIN. In K+ [20,22] and NaK channels [29,30], ions were
suggested to oscillate slightly within each binding site inside the
selectivity ﬁlter. In contrast, large ﬂuctuations are found for Na+
ions inside the NavAb channel (Fig. 5). Especially, Na+ ion at SiteIN
(red line) can even occasionally move to the cavity and shortly return
to the binding site, showing the large degree of mobility of the ion at
this site.
3.4. Ion conduction and potential of mean force through the selectivity
ﬁlter
To study the ion conduction process across the NavAb channel, we
performed ﬁve independent MD simulations with an electric ﬁeld of
0.25, 0.5, 0.75 1.0 and 1.25 V/nm. For simplicity, we only consider
the situation with one Na+ ion at SiteIN inside the selectivity ﬁlter. It
is shown that when the applied electric ﬁeld is less than 0.25 V/nm,
no ion conduction was observed during 10 ns MD simulations. For
the electric ﬁeld of 0.5 V/nm, 0.75 V/nm, 1.0 V/nm and 1.25 V/nm,
the conduction event takes place at 0.50 ns, 0.19 ns, 0.12 ns and
0.05 ns, respectively.
Fig. 6 shows the free energy for ion permeation through the selec-
tivity ﬁlter of the NavAb channel. It is found that Na+ inside the
NavAb selectivity ﬁlter tends to bind at SiteIN, consistent with the
above observation (see Table 1, Sim1–Sim3). The fact that Na+ can
easily transfer between this site and the cavity can also be conﬁrmed
by the free energy proﬁle in which a weak energy barrier exists
between these two ion binding sites. Ionmovement fromSiteIN to SiteHFS
should overcome an energy barrier of ~1.8 kcal/mol. Furthermore, the
occasional binding to the side chains of Glu177 yields an additional
barrier of ~1.7 kcal/mol opposing Na+ permeation. Furthermore,
Na+ experiences a huge energy barrier of ~8.42 kcal/mol to move
from SiteHFS to the bulk solution, suggesting that Na+ ion is difﬁcult
to leave the selectivity ﬁlter and enter into the external solution. In
real electrophysiological experiments, the energy barrier should be
related to the single-channel current of the NavAb channel. The
total barrier opposing Na+ permeation through the NavAb channel
is up to ~10.9 kcal/mol, and one can simply estimate the ion ﬂuxthrough the channel by the rate constant for crossing over this barrier
[58]: r=v(exp[-G/kT]), where G is the energy barrier, kT is the atomic
thermal energy (0.593 kcal/mol at 298 K). The frequency factor, v, is
the value of rate constantwhen there is no energy barrier. If ion conduc-
tion occurs in a single-ﬁle manner, v is often set to kT/h (~6×1012 s−1
at biological temperatures; k, T, h are the Boltzmann constant, the
absolute temperature and Planck constant, respectively.). The single-
channel current can therefore be evaluated from its fundamental deﬁni-
tion as the amount of charge that passes through the channel, per unit
time, J=qr, where q is the charge of a single Na+ ion (1.6×10−19 C).
In terms of above calculations, the single-channel current for the
NavAb channel is 9.9 pA. This value is 5 to 10-fold larger than the uni-
tary currents measured for NaChBac (1–2 pA, depending on voltage
and ionic conditions) [31], which are also typical values commonly
observed for other Na+ and K+ channels. Several factors may account
for this disagreement. First, only one ion inside the channel porewas con-
sidered, while under physiological conditions, ion conduction through
the NavAb channel may adopt a multi-ion conﬁguration, which will
signiﬁcantly change the energy landscapes governing Na+ conduction.
Second, the crystal structure we used in our simulations has a closed
pore. In the case of an open one, the structure of the selectivity ﬁlter
may be changed and thus the energy proﬁle should be different. Third,
the effect of the strength of membrane potential on the single-channel
current is not taken into account explicitly in our estimation. In a real
experimental measurement, the single-channel current should decrease
monotonically with decreasingmembrane potential. Finally, ion conduc-
tion in real situations occurs by overcoming a series of energy barriers,
not only the dominant one used in our estimation. Clearly, further exten-
sive experiments and simulations are required to address this issue, espe-
cially the direct measurement of single-channel current of NavAb.
4. Conclusions
In this study, extensive MD simulations of the NavAb channel with
different ion conﬁgurations inside the channel pore were conducted.
The RMSD results suggest that the protein is stable in all ion conﬁgu-
rations we studied, and especially, the channel protein can even be
stable without the presence of ions inside the selectivity ﬁlter. The
robust stability we observed in NavAb channel is in sharp contrast
to those of K+ and NaK channels, in which the interior ions play key
roles in stabilizing the structure of the channel protein. When Na+
enters the NavAb selectivity ﬁlter, about two water molecules are
dehydrated from the Na+ coordination shell and replaced by the
side chains of the residue Glu177 at SiteHFS. During this dehydrating
process, only the side chains of Glu177 from one or two monomers
out of the protein tetramer were found to contribute the ligands
that coordinate the Na+ ion, suggesting that this binding manner is
asymmetric. Furthermore, our results also suggest that an applied
electric ﬁeld on Na+ exceeding 0.5 V/nm will induce ion conduction
across the selectivity ﬁlter. Further studies are required to address
2535H. Qiu et al. / Biochimica et Biophysica Acta 1818 (2012) 2529–2535in detail the energetics of ion conduction through the NavAb channel
for different ion types such as K+ and Ca2+ ions to unravel the selec-
tivity mechanism of the channel.
Supplementary data to this article can be found online at http://
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